This work was dedicated to performing surface oxidation and coating treatments on carbon fibers (CF) and investigating the changes of fiber surface properties after these treatments, including surface composition, relative volume of functional groups, and surface topography with X-ray photoelectron spectroscopy (XPS) and atom force microscopy (AFM) technology. The results show that, after oxidation treatments, interfacial properties between CF and non-polar polyarylacetylene (PAA) resin are remarkably modified by removing weak surface layers and increasing fiber surface roughness. Coating treatment by high char phenolic resin solution after oxidation makes interface of CF/PAA composites to be upgraded and the interfacial properties further bettered.
1 Introduction * As a new kind of matrix resin, polyarylacetylene (PAA) is developing rapidly nowadays owing to its outstanding heat resistance and excellent ablative properties, and PAA-matrix composites also show promise of becoming a most important ablative-insulative material [1, 2] . Carbon fibers (CF) or fabrics are widely used as reinforcement in manufacturing PAA-matrix composites. However, the mechanical interfacial properties between carbon fibers and non-polar PAA resin are not yet good enough to replace the popular heat resistant composites such as phenolic resin [3] [4] [5] , wherefore the treatment of carbon fiber surface has been studied for many years [6] [7] [8] [9] . Generally, the fiber surface treatment is regarded as a major way to improve the interfacial properties of CF/PAA compos-*Corresponding author. Tel.: +86-22-2458541.
Email address: fuhongjun@hit.edu.cn ites, but most works as to surface treatment methods are limited to the interface modification of composites based on polar resin such as epoxy and phenolic, while the influence of surface treatment on the interface properties of composites based on non-polar resin like PAA has yet to be studied in detail.
In this paper, carbon fibers were treated by ozone oxidation and coating methods. The influence of this treatment on the surface characteristics of carbon fibers was studied by means of XPS and AFM. The mechanical interfacial properties of the final composite samples were studied through interlaminar shear strength (ILSS) tests and microdebond tests.
Experimental Procedure
(1) Raw materials 3K polyacrylonitrile (PAN)-based carbon fibers with the diameter of 7 μm, the density of 1.76 g/cm 3 and the tensile strength of 3.45 GPa, were used in the experiments. Without any surface treatment, the procured fibers were covered merely with a layer of uncured epoxy resin, which, before put into use, needs to be removed by heating at 380-400 ℃ for at least 1 h under the protection of nitrogen. On the other hand, PAA resin and other coating resins were provided by the Aerospace Research Institute of Materials and Processing Technology, Beijing, China.
(2) Treatment of carbon fibers Carbon fibers were oxidized in ozone with different oxidation parameters [10] . Coating treatments were carried out by soaking carbon fibers into the solution of coating resins.
(3) Tests on carbon fiber surface properties X-ray photoelectron spectroscopy (VG scientific ESCA LAB MK-II spectrometer) was adopted to measure the surface composition of both untreated and treated carbon fibers. To observe surface topographic images of carbon fibers, a Solver P47 scanning probe microscope (NT-MDT Corp. Russia) was employed. A semi-contact mode [11, 12] was used as the working mode of AFM.
(4) Composite sample preparation and tests on mechanical interfacial properties CF/PAA composite samples were prepared by compression molding process with the controlled fiber qualitative fraction of about 65%. Microdebond tests were performed on a HIT-300 testing device (made by the Harbin Institute of Technology, China). The interlaminar shear strength (ILSS) was recorded on a universal testing machine for material strength (WO-1 type, Changchun, China) using the three-point short beam bending method as specified in ASTM D 2344. Table 1 shows the relative amounts of C, O, N on both untreated and oxidation treated fibers. From the table, the oxygen amount of untreated (de-sized) fiber surface amounting to 11.1 attests to the impossibility of complete removal of the sizing resin by heating process and the decreases in the interfacial properties of composites by the values of sizing residue on carbon fiber surfaces. Obviously, the process of oxidation treatment is capable of removing, partially or even totally, the residue of sizing epoxy resin by ozone and therefore obviating mechanically weak surface layer.
Results and Discussion

Effects of oxidation on fiber surface composition
At the same time, more oxygen functional groups can be introduced into the real carbon fiber surfaces, which results in an increase of the percentage content of oxygen element in surfaces.
The dual operation mentioned above finally results in an increase of the percentage composition of oxygen element in fiber surfaces and raises the ratio of the element content of O and C (O/C) from 0.1258 to 0.1682, up by 33.7%. 
Effects of oxidation treatment on fiber surface topography
The topographic images of a carbon fiber surface observed by AFM are shown in Fig.1 .
From Fig.1(a) , it can be clearly seen that a residual resin coating on the fiber surface producing a so-called "week layer", which decreases the interface mechanical strength of composites owing to the formation of a weak boundary weakening bonding between the fibers and the matrix resin. Fig.1(b) shows that, through oxidation treatment, the weak surface regions produced by the residual resin coating has been etched and removed, and the original grooves have been deepened and more newborn superficial grooves generated by the oxidizing corrosion. It may as well be assumed that the increase in fiber surface roughness will be beneficial to improving fiber surface activity and strengthening the mechanical join-up between fibers and resin. The test results and analysis thereof indicate that, after oxidation treatment, the surface activity of carbon fibers has been enhanced by removing the residual sizing epoxy resin, strengthening fiber surface chemical activity and enlarging the fiber surface area as well as its roughness. Table 2 illustrates the effects of oxidation treatment on the ILSS and the microdebond force of the CF/PAA composites. From it, with the ILSS of 36 MPa and the microdebond force of 4.0 cN, the PAA-matrix composites reinforced by untreated carbon fibers have attained a significant increase in mechanical interfacial properties after oxidation treatment, especially, in the case of the ILSS, up by more than 20%. In spite of fiber surface polarity increasing, the interface binding between carbon fibers and non-polar PAA resin still can be enhanced to a certain extent, which is attributed to the rise of fiber surface activity and the modification of fiber surface topography.
Effects of oxidation treatment on the mechanical interfacial properties of CF/PAA composites
Studies on coating treatment
In order to maintain the outstanding ablative properties of CF/PAA composites, several kinds of high char yield resins inclusive of Ba-phenolic, high char phenolic and benzoxazine (procured from the Aerospace Research Institute of Materials and Processing Technology, Beijing, China) were selected as coating materials.
The effects of coating treatment on the ILSS of CF/PAA composites can be seen in Table 3 , from which it follows that when fibers are treated by a coating method alone, none of obvious improvements in the ILSS of CF/PAA composites can be found. Only the coating treatments applied to the oxidation treated carbon fibers could achieve noticeable increases in the ILSS. Moreover, the use of high char phenolic as a coating resin might be the best choice. Because all coating resins have a distinct polar structure, they are much easier to soak into polar carbon fiber surfaces oxidized by ozone. Better join-up bonding between fibers and coating resin, as well as the structural compatibility of coating resin and PAA, will facilitate the modification of the interface properties of CF/PAA composites owing to formation of an interphase layer with better mechanical properties between carbon fibers and PAA resin. This assumption has been proved from the microscopic images of CF/PAA composites acquired from AFM tests in a force modulation mode (Fig.2  and Fig.3 ), enabling to observe both topography and relative stiffness image of composites. From  Fig.3(b) , in contrast with untreated material (Fig.2(b) ), an interphase layer can be noticed in the oxidation and coating treated CF/PAA composites. 
Conclusion
The ozone oxidation treatment has been proved to be an effective way to improve the interface properties of carbon/PAA composites, because it enhances the interface binding between carbon fibers and non-polar PAA resin to a certain extent by strengthening fiber surface activity and increasing surface roughness. Coating treatment of carbon fibers with high char yield resin solution after oxidation results in a significant modification of the interface properties of CF/PAA composites owing to formation of an interphase layer with better mechanical properties between carbon fibers and PAA resin, and, furthermore, high char phenolic has also been proved to be the optimal coating resin.
